C ervical spine infections can be devastating if not treated in an appropriate manner. After infecting the vertebrae, bacteria spread into the adjacent disc, epidural space, and/or under the anterior longitudinal ligament to contiguous vertebrae. 1 Left undiagnosed and untreated, extensive anterior column destruction, kyphotic deformity, and catastrophic neurologic injury are inevitable sequelae. Treatment of the neglected cervical spine with osteomyelitis is a challenge that requires a multi-disciplinary and multimodal approach. The goals of surgery are debridement of infected tissue, kyphosis correction, neural element decompression, and stabilization. Because cervical osteomyelitis is rare, published reports are limited in number and assess heterogeneous cohorts. [2] [3] [4] [5] [6] [7] [8] [9] In this study, we
MATERIALS AND METHODS
Following Institutional Review Board approval at two institutions, database review was performed from January 2000 to November 2010. Inclusion criteria were age >18 years and surgical treatment for cervical osteomyelitis that involved multilevel (!2) corpectomies with anterior column reconstruction/plating and at least 6 weeks of intravenous antibiotics per infectious disease recommendations based on operative cultures. Three fellowship-trained spine surgeons performed the operations. Patient demographics, medical comorbidities, surgical details, microbiology results, neurological function, and peri-operative complications were analyzed. Radiographs (pre-operative, first postoperative, final follow-up) and pre-operative MRIs were analyzed. Data measured on pre-and postoperative radiographs included C2 to C7 sagittal vertical axis (SVA; distance between C2 plumb line and C7's posterior-inferior endplate), cervical lordosis (C2-T1 angle: angle between C2's superior endplate and T1's inferior endplate), segmental kyphosis (angle between superior and inferior endplates of the vertebrae above and below the infected vertebral bodies, respectively). Segmental heights (distance between center of the superior and inferior endplates of the vertebral bodies above and below the most cranial and caudal corpectomy levels, respectively) were measured on first and latest postoperative radiographs. Subsidence was defined as the difference between measured heights on immediate postoperative radiographs and final follow-up radiographs. Postoperative radiographs were also assessed for implant-related changes. Continuous variables were compared using Student t tests. A P value <0.05 was defined as statistical significance.
RESULTS
Nineteen patients [15 males, 4 females; average age 48 years (20-81 years)] met inclusion criteria (Table 1) . Although 23 patients were initially identified, four patients were excluded. Those excluded were a 15 year old, a patient with fluid noted during a revision cervical operation that was deemed by the infectious disease service to be a chyle leak, and two patients with single-level corpectomies.
High-risk social behavior and immunosuppression were hallmarks of the cohort (Table 1) . Distant site infections were present in seven patients [lumbar epidural abscesses (n ¼ 2), soft tissue abscesses, chronic osteomyelitis (finger, foot, lumbar), gluteal necrotizing fasciitis, viral meningitis, and endocarditis (n ¼ 3)]. Nearly 40% of patients had diabetes and/or end-stage renal disease. One patient was immunosuppressed after bilateral lung transplants for dermatomyositis interstitial lung disease.
Common clinical and laboratory characteristics at presentation included neurologic deficits and elevated inflammatory markers (Table 1) . Nearly 60% of patients had ASIA scores pre-operatively of A (10.5%), B (26.3%), or C (21.1%) ( Table 1) . The minority of patients presented with pain (8/19) , bacteremia (4/19) , and/or chronic infection (2/ 19) . In addition to neurologic deficits, other surgical indications included kyphosis (n ¼ 14), medical management failure (n ¼ 1), pseudarthrosis (n ¼ 1), and esophageal perforation (n ¼ 1).
Surgical details are presented in Table 2 . Most commonly infected/reconstructed levels were C5 and C6. Nearly 30% of patients underwent three-level corpectomies. One fourlevel corpectomy was performed. All patients underwent anterior plating. Anterior reconstruction was accomplished with titanium cages (expandable-6; mesh-6) ( Figure 1A -E) or structural bone grafts (fibular allograft-6, tricortical iliac crest-1) (Figure 2A-C) . For anterior and posterior reconstructions, morselized allograft and autografts were used most commonly, respectively. The average numbers of levels fused anteriorly and posteriorly were 4.4 AE 0.6 (range, 4-6) and 6.3 AE 1.6 (range, 4-9), respectively. Combined anterior/posterior approaches were used in 74% of cases, of which eight were performed on different days ( Figure 1A -E). Average time between stages was 9 days (range, 1-37 days). No intraoperative complications occurred. There were no statistically significant differences in all measurable parameters between patients who had anterior-only operations and circumferential fusions (data not shown). Average follow-up was 16 AE 9 months. Two patients had follow-up <6 months because they did not return after discharge and could not be contacted. One patient died 2 months postoperatively. On average, the cohort presented with 6.78 of cervical kyphosis and 22.38 of segmental kyphosis, which resulted in an average C2 SVA of 3.9 cm (Table 3) . After operation, cervical lordosis improved >208, segmental kyphosis improved >308, and C2 to C7 SVA improved 1.4 cm (P < 0.05). At final follow-up, average C2 SVA was 2.5 cm. Postoperatively, there were no significant changes in alignment parameters.
Microbiologic results are presented in Table 4 . Grampositive organisms were most common, of which nearly 70% were due to a Staphylococcus aureus strain. Polymicrobial infections were found in the patient with the esophageal perforation ( Figure 1A -E) and the chronically immunosuppressed patient who had previous lung transplantations.
Postoperative medical complications included three pneumonias and an inability to be weaned from the ventilator (n ¼ 1). Four patients underwent revisions. Average time to reoperation was 28 days (range, 7-88 days). Nine days after C5/C6 cage reconstruction, one patient developed an epidural hematoma that was treated successfully with revision decompression. Three months following a fourlevel reconstruction (C3-6) and C2-T3 PSF, cage migration occurred after the halo loosened. This necessitated hardware removal and placement of a C2 to C7 expandable cage. A third patient required revision within 1 week for an anterior plate that was not initially secured appropriately during a C4 to C6 corpectomy. Lastly, two emergent re-operations were required for recurrent hematomas associated with respiratory compromise after C5/C6 corpectomies and fibular allograft reconstruction. Of the 13 patients with neurologic deficits, eight improved postoperatively. However, 10 had persistent deficits at latest follow-up. No patient deteriorated neurologically. Three patients (15.8%) died from unrelated causes postoperatively.
DISCUSSION
Multilevel cervical corpectomies address diffuse cervical disease in patients with cervical spondylotic myelopathy, ossified posterior longitudinal ligament, traumatic injuries, and osteomyelitis. 10 The study presented here is the largest series to evaluate cervical osteomyelitis treated with multilevel subaxial cervical corpectomies and anterior reconstruction.
Untreated, neglected cervical osteomyelitis is defined by severe kyphosis. In our cohort, cervical kyphosis at presentation was 78 and segmental kyphosis was 228, which are greater than previously reported. 9 11, 12 In a prospective, randomized, doubleblind study of 122 ACDF (anterior cervical discectomy and fusion) patients, Villavicencio et al. 12 found that maintaining/improving segmental sagittal alignment correlated with a higher degree of improvement in SF-36 PCS and NDI scores. 13 Although greater cervical lordosis did not correlate with better clinical outcomes, 12 greater cervical kyphosis is associated with increased neck pain following cervical spine trauma and other anterior cervical operations. 13 Tang et al.
11 demonstrated that cervical SVA negatively correlated with SF-36 PCS and positively correlated with NDI and that C2 SVA > 4 cm correlated with worse NDI scores. In our study, average cervical SVA was maintained at 2.5 cm after operation. While restoration of cervical alignment is expected to correlate with better outcomes, it is not the only goal and likely not the major predictor of outcome in patients with cervical osteomyelitis.
Overall outcome of patients with cervical osteomyelitis is guarded. Before advent of antibiotics, 40% to 70% of patients with spinal infections died. 3 Despite appropriate antibiotic treatment and surgical intervention, mortality of patients with cervical osteomyelitis remains high (5-23%).
4,9 Our cohort's mortality rate was 15.8%, which is likely a consequence of associated comorbidities and neurologic insults. 6, 14, 15 All three patients who died in our cohort were medically fragile and had at least one risk factor for developing an axial skeletal infection. 2, 14, 15 The etiologies of death in our series included (1) anoxic brain injury after a gastrointestinal bleed in an alcoholic, diabetic Figure 1 . Pre-operative cervical radiograph (A), CT scan (B), and MRIs (C, D) of a 27-year-old male quadriplegic with a history of C6 to C7 fracture/dislocation status postanterior cervical fusion and plating 2 years before an outside hospital who was transferred with fever and cough and evidence of an esophageal perforation. Pre-operative radiographs (A) demonstrated segmental kyphosis (138) and maintained cervical lordosis (58) and sagittal balance (SVA 2.9 cm). The CT scan (B) demonstrated persistent anterolisthesis of C6 to C7 and pseudarthrosis. T2-weighted MRIs before (C) and after gadolinium (D) demonstrated C5 to C7 osteomyelitis and an associated epidural phlegmon. The patient underwent a posterior C6 to C7 osteotomy to mobilize the spine, which was followed by removal of the anterior hardware, corpectomies and expandable cage placement at C6 and C7, and C5-T1 anterior cervical plating (E). Cultures were positive for Pseudomonas and Candida albicans, which were treated with 3 months of Meropenem and Colistin and a life-long course of Fluconazole. There were no complications 17 months postoperatively. SVA indicates sagittal vertical alignment. male; (2) respiratory failure in a chronically immunosuppressed male status post lung transplantation; and (3) respiratory failure in a ventilator-dependent quadriplegic.
Although few patients were ventilator dependent from neurologic injury in this study, neurologic insult from Figure 2 . Pre-operative sagittal cervical radiograph (A) and T2-weighted MRI (B) of a 48-yearold female intravenous drug user with a history of endocarditis who presented with neck pain, WBC 10.4 (77% PMN), ESR 21, CRP 26.7, and an intact neurologic examination. Imaging demonstrated C6 and C7 osteomyelitis with an associated focal kyphotic deformity (segmental kyphosis: 208, cervical lordosis: À118), and loss of sagittal alignment (SVA 5.9 cm). (C) After undergoing anterior C6 and C7 corpectomies with fibular allograft reconstruction, C4 to C5 and C7-T1 ACDFs, and C4-T1 anterior cervical plating, she was treated with 6 weeks of Ceftriaxone and Gentamycin for a Streptococcus viridans osteomyelitis. At 37 months follow-up, she has experienced no medical or surgical complication. Her latest radiographic parameters were segmental kyphosis: À28; cervical lordosis 108; and SVA 3.6 cm. ACDF indicates anterior cervical discectomy and fusion; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; PMNs, polymorphonuclear neutrophils; SVA, sagittal vertical alignment; WBC, white blood cell count. epidural abscesses is the hallmark of cervical osteomyelitis, 7, 9, 16 with a rate as high as 100%. 3, 17, 18 This association is postulated to be due to neural compression from infected fluid and/or occlusion of spinal cord blood flow, venous drainage thrombosis, and/or an abscess-induced vasculitis. 15 In our cohort, 68% had pre-operative neurologic deficits, all of which included motor deficits. This is concerning, as patients with significant pre-operative neurological compromise, particularly a motor deficit, are more likely to have a poor outcome. 6, 14, 15 Although 62% of patients improved postoperatively, 77% of patients had persistent neurologic deficits at latest follow-up, which is likely a result of delayed presentation and treatment. It is possible that overall neurologic recovery may have been improved if patients had been treated earlier because better outcomes have been achieved when surgical intervention has been instituted within 12 hours of neurologic compromise. 15 Although medical comorbidities and neurologic injury accounted for the major morbidity of this cohort, the next most common source of morbidity was complications associated with the multilevel anterior cervical reconstructions. Of our four revisions, three were associated with anterior reconstruction. Two patients had cage/graft-related complications after three-level and four-level corpectomies and the third suffered recurrent postoperative hematomas associated with respiratory compromise. Although one expandable cage dislodged from a loose halo and a fibular graft dislodged after poor cranial fixation at the time of the index operation, both patients' constructs were considered ''at-risk'' because they spanned three to four vertebral levels and ended caudally at C7. 19 In a retrospective analysis of 249 patients who underwent multilevel corpectomy without anterior plate fixation for noninfectious pathology, Wang et al. 19 reported an increased risk of having a displaced fibular graft with each additional corpectomy level (odds ratio 1.65). For four-level corpectomies, a 16.7% incidence of graft displacement was noted. 19 The same investigation found that 88% of dislodged grafts included a fusion ending at C7, while no graft migrations occurred with two to fivelevel corpectomies when fusion ended cranial to C7. 19 In our series, no anterior constructs failed when the caudal fusion ended at levels other than C7, which may be a result of nearly all our constructs being circumferential and/or including anterior plates.
Multilevel anterior corpectomies combined with anterior plate fixation and no posterior fixation are also prone to graft or hardware failure. [20] [21] [22] In patients without posterior fixation, Vaccaro et al. 20 demonstrated significantly more implant failures for three-level corpectomies and anterior plating (50%) than for two-level corpectomies with anterior plating (9%). Thus, supplemental/alternative fixation has been developed to increase construct stiffness in anterioronly constructs. [22] [23] [24] Ikenaga et al. 24 used anteriorly introduced pedicle screws combined with cranial and caudal plates to stabilize the subaxial cervical spine after four-level cervical corpectomies and fibular strut allograft reconstruction in patients with cervical myelopathy. Postoperatively, patients treated with this technique were noted to have improvements in Japanese Orthopaedic Association (JOA) scores and no hardware failures during follow-up. 24 Porter et al. 22 found that addition of a screw through the strut graft significantly reduced motion in three-level corpectomytreated specimens during flexion and lateral bending but had no effect on two-level corpectomy-treated specimens. With regard to cages, expandable cages can be tailored to fit corpectomy sites and anchored to vertebral endplates; however, Kandziora et al. 25 demonstrated that expandable cages provided no additional biomechanical support in comparison to nonexpandable cages and tricortical iliac crest grafts. Only anterior plating and posterior fixation provided additional stability to all constructs. 25 Because supplemental posterior fixation is biomechanically stronger than anterior-alone reconstructions after multilevel corpectomies, 23, 25 all patients in our cohort who underwent threelevel corpectomies, save one, had supplemental posterior fixation. For two-level corpectomies, 75% included posterior fixation. In our series, there were no statistically significant differences between patients who had anterioronly operations and circumferential fusions.
In addition to providing stable anterior cervical fixation, major goals in anterior reconstruction of cervical osteomyelitis are eradication of infection and fusion. To avoid facilitating a chronic infection and delaying healing, placement of metal implants and allograft bone was initially discouraged. 26 Instead, many advocated for anterior debridement followed by postoperative external immobilization. 26 Others have recommended that in the presence of gross purulence at time of operation, anterior debridement should occur initially and then be followed 7 to 14 days later by a second debridement and anterior fusion. 26 A third school of thought is to perform debridement and internal fixation with cages and bone graft in a single setting, which has proven to be safe, effective, and associated with low rates of chronic infection and pseudarthrosis throughout the infected spine. [5] [6] [7] [8] The currently preferred cage is titanium, as it is the least likely to harbor infection and cause reinfection. 6 Korovessis et al. 5 found no recurrent infections in 24 patients (three cervical) treated by single-stage anterior debridement and mesh cage placement. Ruf et al.
8 also reported no recurrent infections in 88 patients (two craniocervical, 13 cervical) treated with titanium mesh cages with autograft and local antibiotics. Interestingly, Mondorf et al.
7 treated five patients with cervical spondylodisciitis using a polyetheretherketone (PEEK) cage and reported no recurrent infections or pseudarthroses. Titanium cages are our preferred anterior instrumentation in the setting of cervical osteomyelitis, as we do not believe that placement of metal at the time of debridement adversely effects the treatment. However, we prefer to use allograft for anterior reconstruction if a patient has a documented metal allergy or for cost-saving purposes.
With regard to the type of bone graft, recent literature does not support the use of one over another. 4, 6 With 2 years minimum follow-up, Heyde et al. 4 found no recurrent infections and a 100% fusion rate in 20 patients with cervical spondylodisciitis treated with radical debridement and autograft. Lu et al. 6 found no significant difference in the rate of recurrent infection in 36 patients (seven cervical) treated with autograft (5.6%) or allograft (5.6%). In our series, all patients were treated during a single-stage anterior debridement and stabilization. There were no revisions for recurrent infection or pseudarthrosis in the time-period of follow-up, which averaged 16 months. In a retrospective report of 253 patients, McHenry et al. 16 found that relapse of infection ranged from 1 month to 12 years, with 75% of recurrent infections occurring within 1 year. In addition, the study found that relapse occurred more frequently in patients who had involvement of more than three contiguous vertebral bodies, although this was not an independent predictor of relapse in the study's multivariate analysis. 16 Although our follow-up is relatively short and may not be currently long enough to detect recurrent infections and/or nonunions, we are cautiously optimistic that the majority of our patients will not relapse, as only two known living patients have follow-up less than 6 months, nearly 60% have follow-up greater than 1 year, and approximately 50% have follow-up greater than 2 years.
In addition to concern of short follow-up, our study's other limitations are inherent to a retrospective analysis. It investigates a relatively few number of patients that are heterogeneous with regard to medical comorbidities, levels of cervical infection, and type of anterior cervical reconstruction. In addition, the study is a dual center evaluation that introduces variability for which we are unable to control, that is, differences in surgical technique and level of surgeon experience. Although this highlights the diversity of the disease and associated treatment strategies, these limitations raise questions about our results' generalizability. Furthermore, this study does not evaluate clinical outcome scores, nor does it directly compare outcomes with other cervical pathologies. Nevertheless, it is a unique study that exclusively evaluates early peri-operative complications, outcomes, and radiographic parameters of patients who underwent multilevel cervical corpectomy and anterior reconstruction for subaxial cervical osteomyelitis. The results of this study ideally will be the impetus for a larger, multicenter, prospective evaluation of patients with cervical osteomyelitis.
CONCLUSION
Although overall prognosis and neurologic recovery are guarded in medically fragile patients with multilevel subaxial cervical osteomyelitis, reconstruction with multilevel (!2) corpectomy and anterior plating results in excellent restoration of cervical alignment and low rates of recurrent infection and pseudarthrosis.
Key Points
Untreated subaxial cervical osteomyelitis inevitably results in extensive multilevel anterior column destruction, kyphotic deformity, and neurologic injury. As cervical osteomyelitis is rare, early radiographic and clinical outcomes after multilevel anterior reconstruction for cervical osteomyelitis have not been defined. We present a unique case series of 19 adults treated with multilevel (!2) corpectomies and anterior column reconstruction/plating for multilevel subaxial cervical osteomyelitis. Surgical reconstruction resulted in excellent restoration of sagittal cervical alignment and no patient required reoperation for pseudarthrosis or recurrent infection at an average of 16 months follow-up. Surgical complications occurred in 21% of patients and preoperative neurologic deficits persisted postoperatively in the majority of the cohort.
